Sensing of ambient dioxygen levels and appropriate feedback mechanisms are essential processes for all multicellular organisms. In animals, moderate hypoxia causes an increase in the transcription levels of specific genes, including those encoding vascular endothelial growth factor and erythropoietin. The hypoxic response is mediated by hypoxia-inducible factor (HIF), an αβ heterodimeric transcription factor in which both the HIF subunits are members of the basic helix-loop-helix PAS (PER-ARNT-SIM) domain family. Under hypoxic conditions, levels of HIFα rise, allowing dimerization with HIFβ and initiating transcriptional activation. Two types of dioxygen-dependent modification to HIFα have been identified, both of which inhibit the transcriptional response. Firstly, HIFα undergoes trans-4-hydroxylation at two conserved proline residues that enable its recognition by the von Hippel-Lindau tumour-suppressor protein. Subsequent ubiquitinylation, mediated by an ubiquitin ligase complex, targets HIFα for degradation. Secondly, hydroxylation of an asparagine residue in the C-terminal transactivation domain of HIFα directly prevents its interaction with the co-activator p300. Hydroxylation of HIFα is catalysed by enzymes of the iron(II)-and 2-oxoglutaratedependent dioxygenase family. In humans, three prolyl hydroxylase isoenzymes (PHD1-3) and an asparagine hydroxylase [factor inhibiting HIF (FIH)] have been identified. The role of 2-oxoglutarate oxygenases in the hypoxic and other signalling pathways is discussed.
Introduction
All multicellular aerobic organisms require mechanisms to sense and respond to variations in dioxygen availability. In the past decade considerable progress has been made in elucidating the biochemical details of these mechanisms that enable animals to adapt to hypoxic (low dioxygen tension) conditions. Early studies on the hypoxic regulation of erythropoietin, which regulates red-blood-cell production, demonstrated the presence of a DNA 'control element' that was dependent upon oxygen concentration [1, 2] . Subsequently it was demonstrated that this control element was operative in a variety of cells, suggesting that it represented a general mechanism for hypoxic regulation [3] . A significant advance was made by Semenza and Wang [4] , who isolated an αβ heterodimeric transcription factor named hypoxia-inducible factor (HIF). It is now clear that the highly conserved HIF system mediates both local and systemic responses in invertebrates and vertebrates. Under hypoxic conditions, HIF initiates a transcriptional cascade resulting in the enhancement of dioxygen delivery. Medicinally important Key words: hydroxylase, hypoxia, hypoxia-inducible factor (HIF), oxygen sensing, 2-oxoglutarate oxygenase.
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genes regulated by the HIF system include those encoding for erythropoietin, vascular endothelial growth factor, inducible nitric oxide synthase and the enzymes of glycolysis (for recent reviews, see [5] [6] [7] ). Medicinal modulation of the hypoxic response is of considerable interest from the perspective of developing pro-and anti-angiogenic treatments for ischaemic diseases and tumour therapy, respectively.
Both the α-and β-subunits of HIF are members of the basic helix-loop-helix (bHLH)-containing PER-ARNT-SIM (PAS; where PER stands for Drosophila period clock protein, ARNT stands for aryl hydrocarbon receptor nuclear translocator and SIM is Drosophila single-minded protein) domain family [8] . Haem-containing PAS proteins are sensors for diatomic molecules, e.g. FixL, a dioxygen-sensing histidine kinase from Rhizobia meliloti, regulates expression of nitrogen-fixing genes [9] . However, recent work has shown that a different dioxygen-sensing mechanism operates in the regulation of HIF.
The β-subunit of HIF, also known as ARNT, is a constitutive nuclear protein. However, it was observed that its α-subunit was degraded in oxygenated cells via the ubiquitinproteasome pathway, leading to the proposal that hypoxic activation of the HIF pathway was enabled by increasing levels of the α-subunit [10] [11] [12] .
Huang et al. [10] demonstrated that in addition to PAS domains, the human HIF-1α and HIF-2α isoforms both possess a central oxygen-dependent degradation domain (ODDD), composed of two sub-domains, each of which can independently enable degradation [10] . Two transactivation domains are also present, one internal and one at the [12] [13] [14] . Operation of the latter is reduced in the presence of oxygen in a process independent of HIFα degradation. A third human isoform, HIF-3α, is strikingly different from both HIF-1α and HIF-2α. A number of alternatively spliced variants exist for this isoenzyme, one of which, inhibitory PAS domain protein (IPAS), has been shown to inhibit the induction of genes involved in the hypoxic response, such as vascular endothelial growth factor, through binding to HIF-1α. IPAS is reported to be predominantly expressed in corneal cells, consistent with the requirement for total avascularity in the cornea to allow clear vision [15] .
The HIF-1α degradation pathway
The process by which HIFα is degraded by dioxygen has been the subject of recent interest. The observations that HIFα is multi-phosphorylated [16] and that modulation of protein phosphatase/kinase pathways affects HIF activity [17] implied that the HIF degradation pathway may involve dioxygen-regulated phosphorylation of specific HIFα residues. However, the observation that the hypoxic response could be induced by transition metals led to the alternative proposal that an iron-dependent 'sensor' haem protein was involved in signalling [18, 19] .
A breakthrough came with the discovery that the von Hippel-Lindau tumour-suppressor protein (VHL) was required to enable binding of HIFα to the ubiquitin E3 ligase complex that mediates ubiquitinylation of HIFα, targeting it for destruction in the proteasome [20, 21] . Individuals with mutations in VHL are prone to highly angiogenic tumours [22] , presumably because of abnormal stabilization of HIFα [20] . In vitro studies demonstrated that the interaction between VHL and HIFα required dioxygen-dependent modification of the latter, revealing a direct link between dioxygen and HIF degradation. Further analyses supported this link: two prolines (Pro-402 and Pro-564 in HIF-1α), each part of conserved LXXLAP motifs in the ODDD, were shown to be hydroxylated at their 4-position ( Figure 1 ) [23] [24] [25] . The source of the hydroxyl oxygen was shown to be molecular oxygen (>95 %) [26] . Inhibition of hydroxylase activity in crude cell extracts by metal chelators and cobalt(II) suggested that the hydroxylases were iron-dependent. Inhibition by N-oxalylamino acid derivatives, first developed for use with pro-collagen prolyl hydroxylases [27] , further implied that the hydroxylases were dependent upon 2-oxoglutarate (2OG) as a co-substrate [23] . Crystal structures of a hydroxylated HIFα peptide complexed to VCB (VHL, elongins B and C) revealed that the introduction of the oxygen atom at the proline 4-position mediates two optimized hydrogen bonds to VHL (Ser-111 and His-115) sufficient to enable discrimination between non-hydroxylated and hydroxylated HIFα (Figure 2 ) [28, 29] .
It has been proposed that there is also an alternative p53-dependent pathway for the degradation of HIF-1α [30] . NMR analyses have demonstrated that HIF-1α peptides, both adjacent to and from the ODDD, bind to p53 independent of hydroxylation [31] . The binding of p53 to HIF-1α may enable recruitment of an E3 ligase (Mdm2) for ubiquitinylation of HIF-1α, but verification of this proposed pathway is required [31] .
Regulation of the CAD of HIFα
Transcriptional regulation of the CAD of HIFα is also dioxygen-dependent [32] , but does not involve its degradation. The iron(II)-dependent hydroxylation of an and Ser-111 [28, 29] . Right-hand panel: binding of part of the HIFα CAD region to the CH1 domain of p300, highlighting Asn-803, which is hydroxylated by FIH under normoxic conditions [34] . Figure derived from NMR studies [35, 36] .
asparagine residue in the CAD (Asn-803 in HIF-1α) was shown to block the interaction between CAD and the p300/ CBP (cAMP-response-element-binding protein-binding protein) co-activator [32] . Under hypoxic conditions the asparagine is not hydroxylated and the CAD binds to the CH1 domain (cysteine/histidine-rich domain) of p300/ CBP, enabling transcription of hypoxically regulated genes ( Figure 1) . Further studies have shown that, as for the prolyl hydroxylation, the oxygen of the hydroxyl group is derived from dioxygen and that it is the pro-S position of the β-methylene from Asn-803 that is hydroxylated [33, 34] . NMR studies on complexes formed between non-hydroxylated CAD and the CH1 domain suggest how hydroxylation of Asn-803 is damaging to complex formation with p300 ( Figure 2 ) [35, 36] .
The HIF hydroxylases
Observations with crude cell extracts demonstrated that the HIFα prolyl hydroxylases required iron and 2OG for activity, suggesting that they were members of the superfamily of iron (II)-and 2OG-dependent oxygenases [23, 24] . Sequence analyses in the light of crystallographic studies on deacetoxycephalosporin C synthase [37, 38] , clavaminic acid synthase [39] , bacterial proline-3-hydroxylase [40] , taurine dioxygenase [41] and anthocyanidin synthase [42] have revealed that all of these enzymes contain a double-stranded β-helix (DSBH or jellyroll) motif formed from eight β-strands [43] . The DSBH supports a highly conserved ironbinding 2-His/1-carboxylate triad of residues in which the carboxylate is normally supplied by the side-chain of an aspartate residue, but can also come from a glutamate residue (for reviews, see [43] [44] [45] [46] ). Further, the 5-carboxylate of the 2OG co-substrate is sometimes bound by a conserved basic residue located on or close to the eighth strand of the DSBH. Using the knowledge that HIF is present in a range of organisms together with the likely occurrence in the HIF prolyl hydroxylases of some or all of the features common to the structurally characterized 2OG oxygenases, a search for candidate sequences for the hydroxylases was initiated [47] . This search led to the identification of the rat SM-20 gene, a growth factor-responsive gene [48] cloned from rat smooth muscle [49] , as a candidate. SM-20 was identified as being related to the egl-9 (egg laying defect) gene from the nematode worm, Caenorhabditis elegans. Mutation of the egl-9 gene produced worms in which HIF was resistant to oxygendependent degradation, thus demonstrating a role for Egl-9 in hypoxic regulation. Genes encoding three human PHD (prolyl hydroxylase domain-containing) isoforms, related to Egl-9, were identified. The phd genes were expressed in Escherichia coli and the recombinant proteins shown to possess prolyl hydroxylase activity with HIF peptides from the ODDD [47] . PHD2 was found to have the highest specific activity of the three isoenzymes towards the primary hydroxylation site of HIF-1α [50] and in addition contained an N-terminal MYND zinc finger, absent from the other isoenzymes. Interestingly, PHD3, which corresponds to rat SM-20, is significantly shorter than either PHD1 or PHD2, and it may be that an additional binding partner is required for full activity. Sequence comparisons also implied the presence of an HXD . . . H motif in factor inhibiting HIF (FIH), a protein identified as interacting with HIF-1α by yeast two-hybrid assays [51] , suggesting that it was a 2OG oxygenase [33] . Expression and purification of FIH in E. coli followed by incubations with various peptide fragments of HIFα revealed that FIH was the enzyme that hydroxylated Asn-803 in the CAD of HIFα. [33, 52] . FIH did not catalyse hydroxylation of the prolines in the ODDD of HIFα [33] . The sequence analyses also showed that although the conserved arginine/lysine residue utilized in the binding of the 5-carboxylate in the other 2OG dioxygenases was present in the PHD isoenzymes, it was absent from FIH, suggesting that FIH is one of a distinct subfamily of the 2OG dioxygenases [33] .
Crystal structures of FIH
By employing anaerobic crystallization conditions, to prevent oxidation of the substrate and Fe(II), structures were obtained for FIH-CAD complexes [53] . Two distinct regions of the CAD appear to be involved in binding to FIH. The first, involving residues 795-806 of HIF-1α, contains the site of hydroxylation, whereas the second is located towards the C-terminus of the CAD and corresponds to HIF-1α residues 813-822. Interestingly, comparisons with the previously reported NMR structures of CAD complexed with either the CH1 domain or the first transcriptional adaptor zinc-binding domain of p300/CBP [35, 36] reveals that there has been an alteration in conformation of part of the CAD from an α-helical conformation to the extended loop observed with FIH. Certain transactivation domains have been classified as 'intrinsically unstructured proteins' [56, 57] , and in the absence of binding partners the CAD region is disordered by NMR [35] . It may be that the apparent unfolded state of the isolated CAD reflects a requirement to adopt different conformational states when complexed with alternative partners.
The FIH-CAD substrate structures rationalized the preference of FIH for an asparagine rather than an aspartate residue [33, 53] ; the primary amide of Asn-803 is precisely orientated by three hydrogen bonds to both Gln-239 and Arg-238, such that its pro-S hydrogen is positioned adjacent to the iron. The substrate selectivity of FIH contrasts with a previously reported human epidermal growth factor (EGF)-like domain hydroxylase that apparently accepts both Asp and Asn residues when part of an appropriate surrounding sequence [58] . Mechanistic and structural studies on other 2OG oxygenases imply that FIH catalysis will proceed via an ordered sequential mechanism in which the enzyme-Fe(II) complex first binds 2OG, then substrate, and finally dioxygen [44, 46, 59, 60] . Binding of substrate is believed to displace a water molecule from the iron, triggering the enzyme for reaction with dioxygen (reviewed in [46] ). Beyond this point direct evidence for intermediates is limited; the reactivity of 2OG oxygenases may be rationalized by a mechanism involving a ferryl [Fe(IV) = O ↔ Fe(III)-O · ] intermediate, produced by attack of an iron-bound superoxide/peroxide on the ketone of 2OG, followed by oxidative decarboxylation. The ferryl, or equivalent, intermediate can then effect hydroxylation, possibly after loss of CO 2 from 2OG to give succinate [61] . The co-ordination position to which dioxygen binds to the iron is uncertain; in the FIH-CAD complex structures there is a vacant position opposite to His-279, but work with other 2OG oxygenases implies that there could be a rearrangement of ligands during the catalytic cycle [61] .
The FIH structures also reveal that Zn(II) binds in a near identical manner to Fe(II), thus rationalizing how transition metals mimic hypoxia. NOG binds in a similar manner to 2OG with bidentate ligation of Fe(II). However, the presence of an amide in NOG, rather than a ketone as in 2OG, renders it unsusceptible to attack by an iron-bound reactive oxygen species, thus explaining the inhibitory nature of NOG [53] .
It is unclear whether the HIF hydroxylases have evolved special features with respect to their roles in hypoxic sensing or whether they are 'ordinary' 2OG oxygenases with an extraordinary role. There are interesting features in the way that FIH binds its substrate, including formation of a hydrogen bond between the backbone amide of Asn-803 and the backbone carbonyl of the Asp residue that provides a carboxylate ligand for the iron, the presence of two distinct CAD binding sites and the extended loop conformation adopted by the substrate. However, since the FIH-CAD structure is the first available of a 2OG oxygenase bound to an oligomeric substrate, it is unclear whether these features are specifically related to its role in sensing. Given the significance of 2OG oxygenases in the HIF and other pathways of medicinal importance, e.g. DNA repair [43, [62] [63] [64] , it seems likely that interest in the family will increase and stimulate further mechanistic and structural studies to confirm whether the HIF hydroxylases are unusual or not.
1-Aminocyclopropane-1-carboxylate oxidase (ACCO; also referred to as the ethylene-forming enzyme) is closely related to the 2OG oxygenases by sequence, but does not use 2OG as a co-substrate. It catalyses the final step in the biosynthesis of the plant signalling molecule ethylene, which is involved in fruit ripening and senescence. Interestingly, ACCO has a catalytic requirement for ascorbate and bicarbonate or CO 2 [65] . Presently it seems that some 2OG-dependent oxygenases, including pro-collagen prolyl hydroxylase [66] and anthocyanidin synthase [42] , but apparently not others such as FIH, require ascorbate for optimal activity. Given the medicinal importance of both the hydroxylases and ascorbate, elucidation of the precise role(s) of ascorbate in catalysis mediated by 2OG oxygenases and related enzymes is of interest.
The importance of ethylene in plant metabolism posttranslational hydroxylations in HIF regulation raises the question of how widespread such modifications are in signalling [53] . The 2OG oxygenases are well known to catalyse a range of biosynthetic oxidations in all types of organism. Amongst these is the post-translational modification of proline and lysine residues of pro-collagen [67] and of aspartyl/asparaginyl residues in EGF-like domains [58, 68] . The biological significance of the latter has not been elucidated, but may be related to signalling, since EGF-like domain substrates occur in blood-clotting factors and other proteins such as NOTCH [69] . Sequence searches with FIH reveal that it is related to the assigned jumonji 'transcription factors' [33, 51] , some of which have been implicated in cell growth and heart development [70, 71] . In the light of the FIH structure, some of these proteins are clearly 2OG oxygenases of the FIH sub-family and may well be involved in regulation. Thus it appears that the role of 2OG oxygenases in signalling may extend well beyond the HIF and ethylene biosynthesis pathways.
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